formation of heavily pigmented dermal melanocytomas resembling 'animal-type' melanomas in hepatocyte growth factor (C57BL/6 3 C3H)F 1 mice following neonatal UV irradiation.
Predominant formation of heavily pigmented dermal melanocytomas resembling 'animal-type' melanomas in hepatocyte growth factor (C57BL/6 3 C3H)F 1 mice following neonatal UV irradiation Background: Transgenic mice expressing hepatocyte growth factor (HGF) develop cutaneous melanocytic tumors following neonatal UV exposure. Here, we examined the histologic spectrum of UV-induced melanocytic tumors in HGF mice on a pigmented (C57BL/6 3 C3H/ HeN)F 1 background. Methods: Neonatally irradiated (4000 J/m 2 ) mice were monitored for 43 weeks, and 31/34 (91%) animals developed a total of 163 melanocytic tumors. Results: Of 54 primary tumors analyzed, most (49/54, 91%) demonstrated exclusively dermal collections of epithelioid cells with voluminous densely pigmented cytoplasm. Seven of these also demonstrated a population of spindled cells with mitoses. Several (3/54, 6%) tumors exhibited a junctional component with melanocytes present in the epidermis. Staining with PEP8 confirmed the presence of interfollicular melanocytes at the dermal-epidermal junction in neonatal skin. Conclusions: In contrast to HGF animals on an albino (FVB) background, HGF animals on the pigmented (C57BL/6 3 C3H/HeN)F 1 background do not develop classic radial growth phase melanoma but rather predominantly develop dermal melanocytomas resembling the 'animal-type' melanoma occasionally seen in humans. These results demonstrate the influence of genetic background on histologic pattern of UV-induced melanomas in mice.
nevi. 2 In human skin, melanocytes are situated within the epidermis along the dermoepidermal junction, as well as within hair follicles. Melanocytic nevi and most melanomas arise from melanocytes situated within the epidermis. In the early stages, most melanomas are confined to the dermoepidermal junction and exhibit a radial growth phase pattern.
Mice are naturally resistant to development of melanoma, owing in part to a lack of melanocytes within the interfollicular epidermis. 3 Nevertheless, various regimens, including combinations of 7,12-dimethylbenz(a)anthracene (DMBA) and UV light, 4 DMBA and croton oil, 5 DMBA/croton oil and UV, 6 and aloe emodin and UV, 7 result in the formation of pigmented cutaneous tumors. Most of these tumors, however, arose within the dermis and lacked the intraepithelial (radial) growth pattern commonly seen in human melanoma. Similar lesions occur in more recently described genetically engineered mice either expressing various oncogenes or deficient in tumor suppressor genes that confer increased susceptibility to melanoma. Examples include transgenic mice with melanocyte-specific expression of SV40 T antigen, 8, 9 Ret receptor tyrosine kinase, 10 and activated Hras (G12V) 11 that spontaneously developed ocular (but not cutaneous) melanoma. In some of these, neonatal UV 12 or DMBA treatment 13 resulted in a low rate of cutaneous melanoma that metastasized. While mice deficient in both Ink4a and Arf do not develop melanomas, 14 knockins of Hras (G12V) 15 or Arf 16 on this genetic background did develop spontaneous melanoma. In contrast to the melanomas observed in these mouse models, those induced by neonatal UV exposure in albino FVB mice with transgenic expression of hepatocyte growth factor (HGF) were metastatic and displayed radial growth pattern, with large atypical epithelioid intraepidermal melanocytes with Pagetoid scatter of cells 17 strikingly reminiscent of final common pathway human melanoma. 18 HGF signaling through the c-Met transmembrane receptor tyrosine kinase confers broad effects on cell motility, morphology, proliferation and survival. 19 Mutational activation of c-Met has been associated with several human carcinomas and acquisition of a metastatic phenotype, 20, 21 and autocrine loops involving HGF and c-Met have been reported in human sarcomas. 22 Overexpression of HGF in normal human melanocytes results in hyperproliferation, but not malignant transformation. 23 In human melanocytic lesions, c-Met expression has been detected in both benign and malignant melanocytic processes. 24, 25 Overexpression of c-Met is associated with melanoma progression and metastatic spread, 26 and thus may be an important prognostic indicator.
The highly pigmented dermal melanomas produced in most of the mouse models described above, with the exception of the HGF model, resemble the tumors found in equine melanotic disease 27 and have been denoted collectively by the term 'animaltype melanoma'. 28 Histologically, these animal-type melanomas resemble two rare but distinct entities encountered in humans: epithelioid blue nevi (EBN) and pigmented epithelioid melanocytomas (PEM). While EBN were originally described in the setting of familial lentiginosis, cardiac myxoma, schwannomas and endocrine dysfunction (Carney syndrome), 29 they may also occur sporadically. These lesions are characterized by exclusively dermal collections of heavily pigmented epithelioid or spindled melanocytes with minimal mitotic activity that may penetrate along adnexal structures into the deep dermis and subcutaneous tissue. 30 In this study, we examined the histologic spectrum of UV-induced melanocytic tumors in HGF mice on a pigmented (C57BL/6 3 C3H)F 1 background. We were surprised to find that unlike the tumors reported in HGF/FVB mice, these tumors were predominantly dermal melanocytomas resembling animal-type melanoma and EBN/PEM with limited metastatic potential. These findings illustrate a role for genetic background in determining the histologic patterns of UV-induced melanoma in mice.
Materials and methods

HGF mice
HGF transgenic (MH19) mice 31 were obtained from Glenn Merlino (National Cancer Institute) and propagated as heterozygotes on a C57BL/6 background. The HGF mice (usually males) were mated with C3H/HeN animals obtained from Charles River Laboratories (Wilmington, MA, USA). The resulting litters, on a (C57BL/6 3 C3H/HeN)F 1 background, were used for tumor induction experiments. Treatment of mice was carried out according to established guidelines and all procedures were approved by the animal care and use committee of the University of Utah (#11002). Genotype was apparent by visual inspection, as HGF animals displayed darkly pigmented ears and tails compared with non-transgenic littermates that were evident by 1 week of age.
UV-induced tumors
Neonatal mice (1-2 days old) were UV-irradiated unrestrained in open cages with a single dose of 4000 J/m 2 (4 J/m 2 /s) using a bank of four fancooled unfiltered sun lamps (FS20T12-UVB, National Biological Corporation, Twinsburg, OH, USA). The bulbs emit wavelengths between 250 and 420 nm (72.6% UVB, 27.4% UVA, 0.01% UVC), with peak emission at 313 nm, according to the manufacturer. Dosimetry was determined with a calibrated UVB-500C meter (National Biological Corporation). This level of UV exposure resulted in mild erythema and scaling, but not ulceration, of the skin. After irradiation, mice were returned to their cages and weaned at 3 weeks of age, then monitored for 40 weeks. Mice developing ulcerated tumors, or tumors 1 cm in diameter prior to 40 weeks, were euthanized. All cutaneous lesions . 2 mm in diameter at experimental end points were excised for pathologic analysis. A subset of animals with large tumors was subjected to necropsy and samples were taken of lung, liver, spleen and regional lymph nodes.
Histologic and immunohistochemical examination
Tissues were fixed in formalin and embedded in paraffin, and 4-mm-thick sections were applied to glass microscopic slides and stained with hematoxylin and eosin. In many cases, sections were bleached to remove melanin prior to hematoxylin and eosin staining. For melanin bleaching, sections were deparaffinized, hydrated and incubated in 0.25% potassium permanganate (Sigma, St. Louis, MO) for 30 min. After washing in water, sections were treated with 5% oxalic acid (Sigma) for 2-5 min until sections appeared clear, then washed again with water.
Immunoperoxidase staining for melanocytes in neonatal skin using the PEP8 antibody was performed as described previously. 32 For FontanaMasson staining for melanin, sections were deparaffinized and hydrated in water, placed into a 2.5% silver nitrate solution and then subjected to microwaving on high power for 1 min. After rinsing in water, slides were placed in 1% gold chloride for 1 min, rinsed in water and then in 5% sodium thiosulfate for 1 min. After rinsing with water, sections were counterstained with Nuclear Fast Red.
Results
UV-induced melanocytic tumors
Melanocytes can be easily seen in the skin of adult mice carrying the HGF transgene on the pigmented (C57BL/6 3 C3H/HeN)F 1 background. Heavily pigmented cells populate the entire dermis including the dermal-epidermal junction (Fig. 1A) . A similar pattern is seen in mice that received a single UV exposure as neonates (Fig. 1B) . These cells are not seen in non-transgenic mice that underwent similar neonatal UV exposure (Fig. 1C) . Thirty-one of 34 (91%) HGF mice developed at least one melanocytic tumor following neonatal UV exposure. Of 29 control non-transgenic animals receiving similar UV treatment, none developed tumors. These tumors generally appeared to arise from within the dermis, as very early tumors demonstrated collections of pigmented cells clustered exclusively within the dermis (Fig. 1D ). We examined a total of 54 tumors . 2 mm in diameter at experimental end points. Based on histologic features, the tumors could be segregated into four types: (1) dermal melanocytosis, (2) dermal melanocytosis with spindle cell component, (3) melanoma with junctional involvement and (4) amelanotic tumor consistent with sarcoma (Table 1) . 
Dermal melanocytosis
Consistent with the dermal aggregates of pigmented cells seen in early tumors (Fig. 1D) , the vast majority (49/54, 91%) of pigmented cutaneous lesions examined demonstrated striking dermal melanocytosis ( Fig. 2A) . These lesions were characterized by deposition of large epithelioid cells with abundant, densely pigmented cytoplasm that obscured an eccentrically placed nucleus (Fig. 2C ). These cells filled and expanded the dermis and often extended through the subcutis into the underlying skeletal muscle. The cells abutted the overlying epidermis and were generally separated from the epidermis by a narrow zone of collagen, although most of the tumors showed focal areas of pigment transfer to keratinocytes. Sections in which the melanin was bleached revealed large, histiocytic-like cells with uniform, bland nuclei with small and single eosinophilic nucleoli, and voluminous granular cytoplasm (Fig. 2E) . In seven of these tumors, rare, single heavily pigmented cells were observed in the epidermis (Fig. 3A) . Bleached sections from two of these seven tumors, however, failed to demonstrate cells with melanocyte morphology in the epidermis in the area seen by routine histology (not shown). The histologic pattern of these tumors was strikingly similar to a case of EBN (Fig. 2B, D, F) .
Dermal melanocytosis with spindle cell component Seven tumors were centered mainly within the deep dermis and subcutis, but tumor cells also expanded the papillary dermis and abutted the overlying epidermis. Rare, large pigmented cells were seen in the epidermis and variable pigment transfer to keratinocytes was seen, although none of these tumors demonstrated a radial growth phase component within the epidermis. The tumors were composed of an admixture of two distinct cell types: (1) large, epithelioid cells with abundant heavily pigmented cytoplasm identical to those described above and (2) fascicles of spindled cells with vesicular nuclei and condensed chromatin with several small eosinophilic nucleoli and variable amounts of lightly pigmented cytoplasm (Fig. 3B) . Scattered mitotic figures were also identified. All of these tumors were seen in association with areas of dermal melanocytosis as described above. An epidermal melanocytic proliferation was not seen in these tumors.
Melanoma with junctional involvement
Three pigmented lesions demonstrated clear epidermal involvement. These lesions were similar to the pigmented malignant spindle cell tumors in that two cell types were present, as described above. These tumors showed clusters of spindled and lightly pigmented melanocytes within the overlying epidermis (Fig. 3C) . Two of these three lesions demonstrated epidermal ulceration. These tumors occupied the full thickness of the dermis and extended through the subcutis into the underlying muscle. Although an epidermal melanocytic population was present, these lesions did not resemble the typical human malignant melanoma with a radial growth phase component 18 or the UV-induced melanomas described 17 in the HGF mouse on the FVB background.
Sarcoma
Finally, two ulcerated lesions demonstrated sheets of undifferentiated, amelanotic, cytologically malignant cells within the dermis and subcutis (Fig. 3D) . Areas of necrosis were evident. These tumors are consistent with the sarcomas that have been reported to arise occasionally in HGF transgenic mice. 31 
Metastasis
Necropsies were performed on 10 animals bearing large tumors. Lymph nodes from the draining basins of biopsied pigmented skin lesions were grossly pigmented and histologically demonstrated small clusters (, 20 cells) of pigmented epithelioid cells within the lymph node parenchyma and subcapsular sinuses. These cells resembled those seen in the tumors showing dermal melanosis. This pattern of lymphoid pigmentation was comparable with what has been reported in lymph nodes of untreated adult HGF (C57BL/6 3 FVB)F 1 mice, 31 and definitive metastatic foci were not appreciated. In all animals examined, liver and spleen were grossly normal in appearance. In nine of 10 animals, sections of lung tissue revealed focal perivascular collections of pigmented epithelioid cells similar to what was seen in draining lymph nodes of unirradiated animals. However, in two of nine animals, there were clinical dark dots seen on the lung surface or histologic evidence of a metastatic focus composed of pigmented spindled cells. Thus, these UV-induced tumors demonstrated limited capacity for metastatic spread. The presence of lung metastasis in the absence of definitive lymph node involvement suggests that in some cases there may have been hematogenous tumor metastasis. Melanocyte distribution and density A possible explanation for the predominant development of dermal melanocytomas in HGF (C57BL/ 6 3 C3H)F 1 mice could be altered neonatal melanocyte distribution that might preclude epidermal involvement of UV-induced tumors. We examined melanocytes in 2-day-old neonatal skin (corresponding to the time of UV irradiation) of these mice and non-transgenic littermates. The minimal pigmentation in neonatal skin made it difficult to discern melanocytes (Fig. 4A, B) , but melanocytes were easily visualized in sections stained with Fontana-Masson (Fig. 4C, D) and PEP8 (Fig. 4E, F) . Skin of HGF (C57BL/6 3 C3H)F 1 mice demonstrated prominent staining in cells located in the epidermis and upper dermis as well as hair follicles (Fig. 4C, E) , similar to what has been reported previously in (C57BL/6 3 FVB)F 1 mice, 31 while that of non-transgenic mice revealed melanocytes only in the hair follicles (Fig. 4D, F) . Thus, the predominance of dermal melanocytic tumors elicited in this model was not a result of ectopic neonatal melanocyte distribution or altered melanocyte density on the (C57BL/6 3 C3H)F 1 background.
Discussion
In this study, we examined the histologic patterns of UV-induced pigmented cutaneous lesions arising in transgenic HGF (C57BL/6 3 C3H/HeN)F 1 mice. The HGF mouse model of UV-induced melanoma has attracted considerable attention because in contrast to previously developed models, it represents the sole genetic mouse model that consistently produces lesions arising from the dermal-epidermal junction with a radial growth phase pattern similar to most human melanomas. 17, 33 We were surprised to find that UV-induced tumors in HGF (C57BL/6 3 C3H/HeN)F 1 mice did not recapitulate the histologic pattern seen in HGF/FVB mice, 17 but rather the vast majority (91%) of lesions were exclusively dermal tumors composed of heavily pigmented epithelioid melanocytes without a significant epidermal component. Although in several of these cases we did observe occasional epidermal pigmented cells, it is most probable that these represent epidermotropism associated with dermal tumors.
The histology of these dermal melanocytomas is strikingly similar to the animal-type melanoma, 28 EBN 29 and PEM 30 described in humans. These tumors represent a diagnostic and therapeutic dilemma for clinicians because they frequently spread to regional lymph nodes but generally do not metastasize systemically. 30 We have not examined UVtreated HGF (C57BL/6 3 C3H/HeN)F 1 mice for longer time periods (beyond 43 weeks) to assess fully the metastatic potential of these tumors. It is presently unclear why HGF (C57BL/6 3 C3H/HeN)F 1 mice develop this pattern of UV-induced melanocytic tumors, but they might serve as an animal model for studying PEM and EBN. The role of HGF signaling in the development of PEM and EBN has not been investigated, although it is interesting that HGF stimulates proliferation of normal human melanocytes in the presence of synergistic factors (e.g basic fibroblast growth factor) and induces high tyrosinase activity and melanization. 34 Although we did observe several tumors with clear epidermal involvement, they were in the minority and did not resemble typical human malignant melanoma with a radial growth phase component 18 or the UV-induced melanomas described 17 in HGF/FVB mice. It is probable that the difference in histologic pattern of UV-induced tumors in HGF (C57BL/6 3 C3H/HeN)F 1 mice reported here and that in HGF/FVB mice reported previously 17 relates to differences in genetic background. While earlier mouse models of melanoma were primarily developed using four strains, C57BL/6, C3H/HeN, BALB/C and FVB, there are no studies (to our knowledge) simultaneously evaluating a particular genetic model on more than one pure genetic background to assess background effects. 3 Initial studies with the Mt1-Ret mouse, which was generated on a mixed (BALB/C 3 C57BL/6) background, were carried out on separate sublines generated from single backcrosses with C57BL/6, BCF1 agouti and BALB/C strains. 35 Interestingly, the incidence of melanocytic tumors was reduced in progeny of backcrosses with BALB/C compared with those of backcrosses with C57BL/6, but there was no discernable difference in melanocyte populations in the non-tumorous skin of these animals. 35 In addition, there was no difference in tumor incidence between albino and non-albino progeny from backcrosses with BALB/C. 35 These results suggest that genetic factors other than pigmentation may play a role in this model of spontaneous melanomagenesis.
The role of pigmentation in the HGF model of UV-induced melanoma, as well as other genetic factors, has not been elucidated. Although very little melanin was apparent in the skin of HGF (C57BL/6 3 C3H/HeN)F 1 mice 2 days after birth (time point of UV irradiation), it is tempting nevertheless to speculate that the presence of melanin may affect melanomagenesis. Although melanocytes may be protected by endogenous melanin that can directly absorb UV-generated photons and oxygen radicals, melanin may also be oxidized and lead to the generation of reactive oxygen species (ROS) that can damage many cellular substrates including DNA. 36 Melanocytes appear particularly sensitive to oxidative stress, 37 possibly as a result of ROS generated in the process of melanin biosynthesis. 38 Differences in melanin composition (eumelanin and pheomelanin) might be important. Strain-related differences may also relate to HGF levels and signaling, which have not been evaluated in HGF mice on different backgrounds. It is possible that there could be strainrelated cis-or trans-acting genetic factors that affect transcription of the HGF transgene. It is also unclear in this model exactly how constitutive HGF expression promotes melanomagenesis. Because HGF expression in this model is driven off a metallothionein I promoter, 31 we may expect HGF expression in additional cell types in the skin and stroma that may affect melanomagenesis. We do not know how UV-induced melanoma susceptibility or tumor phenotype would differ in an animal with melanocytespecific expression of HGF. Many of these questions can probably be answered in future studies.
